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Abstract The prolonged irrigation with marginal qual-
ity water can cause secondary salinization of soils, which
necessitates for better understanding of water management
alternatives. Relative performance of sulfuric acid and gyp-
sum is still controversial to counter sodium hazards in
soil/water system. As an alternative, sulfurous acid gen-
erators (SAG) are also being marketed. But up-till-now,
there is not even a single field study published in scientific
journals about their efficiency and economical viability for
the treatment of saline-sodic water. Therefore, a field study
was carried out to compare the effectiveness of SAG and al-
ternate amendments applied on an equivalent basis to grow
rice crop. SAG treatment of saline-sodic tube well water
decreased only residual sodium carbonate (RSC) from 5.4
to 3.6 mmolc l−1, and had no beneficial effect on its sodium
adsorption ratio (SAR) or electrical conductivity (EC). All
the treatments kept soil EC and SAR around their respec-
tive threshold levels. For paddy yield, SAG, sulfuric acid,
and gypsum treatments depicted nonsignificant differences.
SAG and sulfuric acid treatments of water were about six
times expensive than that of gypsum. It was concluded that
soil-applied gypsum, to counter sodic hazards of irrigation
water, is economical to sustain irrigated rice in dry regions.
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Introduction
Under agroclimatic conditions of Pakistan, evapotranspira-
tion is about 14–20 times higher than precipitation (GOP
2003), which is responsible for net upward movement of
salts through capillary action. The shortfall in irrigation
water is likely to reach 131.6 billion cubic meter (BCM)
by 2013 (Ghafoor et al. 2002b). In order to supplement the
canal water availability (53 BCM) at farm gate, more than
0.53 million tube wells are pumping 67.7 BCM ground
water (GOP 2003). Out of this, 60–70% is hazardous ow-
ing to high electrical conductivity (EC), residual sodium
carbonate (RSC), and/or sodium adsorption ratio (SAR).
For evaluation of irrigation water quality, primary consid-
eration is given to its total salt content and sodium related
hazards such as SAR and RSC (Ayers and Westcot 1985;
Gupta 1990; Muhammed and Ghafoor 1992; Gupta and
Gupta 1997). The carbonate and bicarbonate contents of
irrigation water, higher than Ca2+ + Mg2+, strongly exag-
gerate the sodium hazards for soils and plants (Gritsenko
and Gritsenko 1999). The continuous use of irrigation wa-
ter having a high RSC can cause soil deterioration/sodium
build up, depending upon the soil and the agroclimatic
conditions (Eaton 1949; Rengasamy and Olsson 1993). In
Pakistan, a safe limit of 2.5 mmo1c l−1 has been proposed
for RSC by Directorate of Land Reclamation (Muhammed
and Ghafoor 1992).
The sodicity hazards (SAR and/or RSC) of irrigation wa-
ter can be decreased by decreasing its carbonate and bicar-
bonate contents, either with the addition of acids/acid for-
mers (Doneen 1975; Miyamoto et al. 1975a; Gumaa et al.
1976; Ryan et al. 1977; Miyamoto 1977, 1998; Frenkel
et al. 1978; Miyamoto and Stroehlein 1986; Gupta 1990;
Ghafoor et al. 1997; Burt 1998; Griffen and Silvertooth
1999; Amrhein 2000) or by increasing the concentration of
calcium with chemical amendments like gypsum (Doneen
1948; Axtell and Doneen 1949; Magadoff and Bresler
1973; Hanif et al. 1975; Kemper et al. 1975; Qureshi et al.
1975, 1977; Keisling et al. 1978; Ahmad et al. 1979; Keren
and O’Connor 1982; Oster 1982; Chaudhry et al. 1984;
Ghafoor et al. 1987, 2001a; Rengasamy 1987; Gupta 1990;
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Ghafoor and Zubair 1992; Malik et al. 1992; Oster 1994;
Gupta and Gupta 1997; Hussain et al. 2000). Neutraliza-
tion of water RSC with the use of gypsum or acid is widely
recommended, although use of gypsum is highly econom-
ical and safe (Doneen 1975; Chabbra 1996; Ghafoor et al.
2001a). As gypsum has a low solubility of 0.30 g per 100 ml
water at 25◦C (US Salinity Lab. Staff 1954), it is possible to
increase calcium (Ca2+) concentration by 2–4 mmolc l−1 in
flowing irrigation water (Doneen 1975; Ayers and Westcot
1985), with an expected increase in the EC of irrigation
water (ECiw) by 0.15–0.30 dS m−1 (Oster et al. 1992).
However, low dissolution rate of gypsum is considered an
additional advantage to sustain long-term availability of
calcium (Doneen 1975), and electrolyte concentration, to
maintain the hydraulic conductivity and the structure of
soils (Reeve and Doering 1966; Jurinack et al. 1984; Ay-
ers and Westcot 1985; Rengasamy and Olsson 1993). The
use of mineral acids has been found five to seven times
expensive than that of gypsum (Agarwal et al. 1982; Abrol
et al. 1988; Ghafoor and Muhammed 1981, 1986, 2001a,
2002) and its handling is also difficult/dangerous. As an al-
ternative, SAG is a recently introduced technology to treat
saline-sodic/sodic waters. Sulfur (S) is burnt to produce
sulfur dioxide gas (SO2) in a chamber, which is made to
dissolve in a fraction (10–15%) of tube well water to form
sulfurous acid (H2SO3). This H2SO3 can neutralize car-
bonate (CO32−) and bicarbonate (HCO3−) ions of water to
affect a decrease in RSC of treated water (Doneen 1975).
Theoretically, this will not benefit amelioration of water
EC and SAR (Amrhein 2000).
Rafiq (1990) estimated development of surface salinity
and/or sodicity on an area of about 3 × 106 ha in Pakistan,
which was a result of using marginal-quality drainage and
groundwater without appropriate management practices.
This kind of secondary salinization/sodication of soils, in
Pakistan, has necessitated for better understanding of water
management alternatives. Sulfuric acid and gypsum have
long been recognized for their benefits in treating high
SAR/RSC waters (Miyamoto et al. 1975a; Miyamoto and
Stroehlein 1986). But their relative performance is still con-
troversial to counter the Na-hazards in soil/water system
(Mace et al. 1999). As an alternative to sulfuric acid and
gypsum amendments, SAG (also called sulfur burners) are
being marketed. But up-till-now, there is not even a sin-
gle field study published in scientific journals (except an
electronic publishing by Gale et al. 2001) about its ef-
fectiveness in field trials and its economical viability, in
comparison with the traditional approaches. This necessi-
tates for field trials before entering the marketing phase of
SAG. This viewpoint has also been supported by Stroehlein
and Pennington (1986), in a review about the use of sulfur
compounds for soil and water treatments.
Sulfuric acid is considered most efficient in neutraliz-
ing the soda and alkalinity of irrigation water (Lotovitskii
and Bilai 2001). However, experimental data is lacking the
effectiveness of the recently introduced SAG, which pro-
duces SO2 to form H2SO3 after mixing and solubilizing
in water. Moreover, economic considerations are essential
for the use of acids/acid forming materials to improve soil
and water quality (Fuller and Ray 1963; Alawi et al. 1980;
Miyamoto and Stroehlein 1986; Ghafoor et al. 2001a). In a
6-year study, Christensen and Lyerly (1954) found the use
of sulfuric acid uneconomical for the treatment of water as
well as soil.
Keeping in view the above facts, an experiment was car-
ried out to study the effectiveness and economics of SAG
treatment of saline-sodic water, in comparison with tradi-
tional amendments, for rice production.
Materials and methods
A field experiment was conducted on a 0.75-ha piece of al-
luvial soil at Post Graduate Agricultural Research Station,
University of Agriculture, Faisalabad, Pakistan during May
2001 to December 2001. The calcareous soil belonged to
Rasoolpur soil series (typic Haplocambids). Tube well wa-
ter used to irrigate the rice crop was saline-sodic (EC =
3.24 dS m−1, SAR = 17.23, RSC = 5.44 mmolc l−1, pH
= 7.8). The treatments included the following:
T0 = all irrigations with untreated saline-sodic water from
a tube well.
T1 = all irrigations with SAG treated tube well water
(T/W).
T2 = alternate irrigation with SAG treated and untreated
T/W water.
T3 = one irrigation with SAG treated and two irrigations
with untreated T/W water.
T4 = farm manure (FM) application at 15 t ha−1 before
transplantation of rice crop, and irrigation with untreated
T/W water.
T5 = gypsum (agriculture grade passed through 30 mesh
sieve having 70% purity) applied to soil in amounts suf-
ficient to decrease RSC of saline-sodic water to the same
level as by SAG treatment.
T6 = sulfuric acid (H2SO4) applied with each irrigation
in amounts sufficient to decrease RSC of saline-sodic
water to the same level as by SAG treatment.
The experiment was laid out in Randomized Complete
Block Design (RCBD) with three replications. Rice cv.
Basmati 2000 was transplanted in July 2001. A total of 29
irrigations (including three irrigations of fresh water from a
nearby canal due to mechanical problem in SAG operation
during study) were applied to each treatment plot to grow
the rice crop. Each irrigation was of approximately 7.5 cm,
except the first irrigation of 15 cm at the time of trans-
plantation of nursery. There was 16.8 cm of rainfall during
the period of study. Composite soil samples were drawn
from 0–15 and 15–30 cm depths at the start of experiment
and after harvest of the rice crop. The cultural practices,
like weeding, fertilizer application, and amount of irriga-
tion water were kept uniform for all the treatments. The
nitrogenous and phosphatic fertilizers were applied as urea
and diammonium phosphate at 100 and 50 kg ha−1, respec-
tively. Soil analysis (Table 1) was accomplished following
the methods described by US Salinity Lab. Staff (1954).
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Table 1 Properties of original soil
Soil depth (cm) Property Mean
00–15 pHs 8.49
ECe (dS m−1) 3.11
SAR 16.3
15–30 pHs 8.45
ECe (dS m−1) 3.81
SAR 19.4
00–30 Texture Sandy loam
10–15 Bulk density (g cm−3) 1.60
20–25 Bulk density (g cm−3) 1.62
Infiltration rate (cm h−1) 1.11
The crop was harvested at biological maturity to record the
biomass and the economic yields. The data were subjected
to statistical analysis by Analysis of Variance (ANOVA)
technique. Duncan’s Multiple Range (DMR) test was ap-
plied to evaluate the treatment differences (Steel and Torrie
1980) at 5% probability. The variable costs of all the ex-
perimental inputs and support prices of the produce were
used to compute the economics through partial budgeting
technique.
Results and discussion
Effect of SAG treatment on the quality of saline-sodic
water
The quality of water was hazardous for irrigation
(Table 2) considering the water quality criteria used in
Pakistan (Muhammed and Ghafoor 1992), India (Gupta
and Gupta 1997; Agarwal et al. 1982), and other countries
(Ayers and Westcot 1985; Abrol et al. 1988). The contin-
ued use of such quality water for irrigation will inevitably
increase the price to be paid by the farmers to sustain ir-
rigated farming (Rengasamy and Olsson 1993). Thus a
sound management strategy will be needed to tackle long-
term adverse effects of sodification and salinization on agri-
culture and environment (Gritsenko and Gritsenko 1999).
To treat such low quality irrigation water, proper rates of
acids/acid formers were used to reduce carbonates and bi-
carbonates (Miyamoto et al. 1975a,c; Gumaa et al. 1976;
Ryan et al. 1977; Finck 1982; Miyamoto and Stroehlein
1986; Whipker et al. 1996; Burt 1998; Miyamoto 1977,
1998; Griffen and Silvertooth 1999; Amrhein 2000). This
treatment is considered beneficial for reducing hardness of
water (Christensen and Lyerly 1954) and crusting in soils
(Miyamoto 1998).
Table 2 Sulfurous acid generator treatment of tube well brackish water (20 irrigations)
Irrigation number Water quality
Before SAG treatment During SAG treatmenta After SAG treatment (at field entry)b
EC (dS m−1) SAR RSC (mmol l−1) EC (dS m−1) SAR RSC (mmol l−1) EC (dS m−1) SAR RSC (mmol l−1)
1 3.32 16.29 5.25 3.38 16.24 0.00 3.37 16.20 4.85
2 3.51 17.85 5.50 3.74 18.96 0.00 3.56 17.97 2.52
3 3.38 15.14 4.99 3.65 16.11 0.00 3.42 15.08 1.75
4 3.27 16.61 5.80 3.30 13.03 0.90 3.34 13.52 3.10
5 3.04 15.20 5.02 27.5 15.17 0.00 3.13 15.97 4.35
7 3.30 16.38 5.50 10.4 16.70 0.00 3.31 16.55 4.36
8 3.41 18.65 5.70 3.42 18.80 0.00 3.58 19.61 3.18
9 3.58 18.57 7.00 9.68 18.15 0.00 3.65 18.92 3.40
11 3.41 15.49 6.30 5.05 15.82 0.00 3.71 17.58 3.80
12 3.11 16.06 6.40 12.1 15.88 0.00 3.18 16.50 3.40
13 3.11 17.67 5.70 5.85 15.39 0.00 3.10 16.44 3.70
14 3.06 15.75 7.50 6.24 nac 0.00 3.09 15.52 4.50
16 3.02 14.70 5.90 3.16 na 0.00 3.02 13.63 4.90
17 3.15 18.76 4.70 7.43 15.90 0.00 3.35 16.55 2.10
18 3.23 15.92 5.70 3.32 16.61 0.00 3.29 16.34 4.00
20 2.99 17.67 5.70 3.45 17.33 0.00 2.98 15.94 4.00
22 3.11 17.41 5.50 4.38 15.98 0.00 3.06 18.23 4.45
24 3.09 18.51 5.60 6.14 16.03 0.00 3.08 17.70 4.55
25 3.19 19.73 3.50 4.14 17.26 0.00 3.25 20.15 4.00
26 3.16 19.52 4.00 3.83 17.41 0.00 3.29 18.93 2.15
Mean 3.22 17.09 5.56 6.51 16.49 0.05 3.29 16.87 3.65
Variation over
original (%)
101.9 − 3.5 − 99.2 2.05 − 1.33 − 34.4
aWater samples collected at SAG outlet, as SAG was able to uptake and reclaim only a portion of untreated water
bWater samples collected after mixing SAG-treated water (10–15%) with the rest of untreated water (85–90%), before its entry to the field
cData not available
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The data (Table 2) indicate that SAG treatment of saline-
sodic water did not decrease its EC, rather there was an
increase of 2.05%. Various studies about the treatment of
irrigation water with mineral acids also support these find-
ings (Miyamoto et al. 1975b; Miyamoto and Stroehlein
1986; Stroehlein and Pennington 1986). Miyamoto (1998)
asserted that acids or acidic gas applications to irrigation
water are used to prevent an increase in sodicity of ir-
rigation water or a reduction in salinity associated with
the precipitation of Ca2+ and HCO3−1. However, Doneen
(1975) asserted that in neutralizing the bicarbonate ions
of irrigation water, the total concentration (EC) does not
change but merely shifts from HCO3−1 to SO4−2 form.
Moreover, occasional pH tests of SAG-treated water (data
not given) indicated a reduction from 7.8 to 6.8 (12.8%),
which may be attributed to the negligible buffering capacity
of irrigation water (Doneen 1975; Miyamoto and Stroehlein
1986; Miyamoto 1998). Several researchers in field (Chris-
tensen and Lyerly 1954; Griffen and Silvertooth 1999),
green-house (Thorne 1944), laboratory (Gumaa et al. 1976;
Miyamoto and Stroehlein 1986), pot (Aldrich and Turrell
1950), and simulated trials (Miyamoto 1977) have demon-
strated desired reduction in pH of irrigation water with the
use of sulfuric acid. It is important to recognize that the
pH of acid-treated water depends not only on the acid rate
relative to the alkalinity, but also on the CO2 exchange be-
tween water and a surrounding gaseous phase (Miyamoto
1998). If acid is applied to open, aerated streams (at a rate
less than about 90% of the alkalinity), it is unlikely to cause
acidity-related problems. However, if the same rate of acid
is applied to waters flowing through pipes, the resulting
low pH may cause pipe corrosion (Miyamoto 1977). In ac-
tuality, hydrogen ions react with carbonate species, primar-
ily HCO3−1 present in alkali (saline-sodic/sodic) irrigation
water, and convert them to carbonic acid. Under a system
open to the atmosphere, carbonic acid decomposes to CO2
and H2O. The pH of the water remains above neutral, until
about 90% of the HCO3−1 ions present are converted to
H2CO3, and eventually to CO2 and H2O (Miyamoto et al.
1975c). The concentration of H2CO3 in an open system is
largely fixed by the partial pressure of CO2. Under a closed
system, which may exist in water flowing through water-
filled pipes or tubes, carbonic acid (H2CO3) accumulates in
the system. This causes the pH of the water to drop below
neutral, even when the acid application is as low as 10% of
the concentration of HCO3−1 (Miyamoto et al. 1975c).
SAG treatment did not cause any significant decrease
in SARof irrigation water (SARiw). The nominal decrease
(1.3%) in SARiw might be due to an analytical error or neg-
ligible improvement in the concentration of Ca2+ present
in irrigation water (Lotovitski and Bilai 2001), and/or re-
lease of Ca2+ from silt/clay particles suspended in pumped
water, after the acid treatment (Amrhein 2000). The re-
sults are also supported by a review work of Miyamoto and
Stroehlein (1986), who concluded that when irrigation wa-
ter contains CaCO3, i.e. surface waters with calcareous sed-
iments, the acid-treated water solubilizes Ca2+, thus caus-
ing SAR to decrease. In a study, Miyamoto et al. (1975c)
concluded that after addition of acid to irrigation water,
there was reduction in its SAR, which showed that calcium
would tend to remain in solution rather than precipitating
out as CaCO3. At an acid application rate of 3 me l−1 for the
treatment of irrigation water, Miyamoto (1977) concluded
that such a practice would reduce the sodicity of irrigation
water characterized by SAR, as it prevents calcium precip-
itation or dissolves CaCO3. Moreover, in this type of prac-
tice, the effect of acid on SAR will depend not only on the
acid rate relative to the alkalinity, but also to a large extent
upon the degree of CO2 release into the atmosphere before
acid-treated water infiltrates into soil. Our findings are fur-
ther supported by the research work of Lotovitskii and Bilai
(2001), who reported that acidification of irrigation water
affects not only the concentration of CO3−2 and HCO3−1,
but to a certain extent, the water chemistry as a whole. This
is mainly caused by substitution reactions between salts of
the acid and those dissolved in water. According to the au-
thors, in the first few minutes after treatment with sulfuric
acid, the concentration of sodium and chloride ions became
unstable and decreased by 5–15%. However, both the ions
almost recovered their initial values. Such treatment neu-
tralized CO3−2 completely, reduced HCO3−1 content by
15–25%, and increased sulfate content and total dissolved
solids by 6–12% and 0.1–0.2 g l−1, respectively.
Although SAG treatment of saline-sodic water decreased
its RSC from 5.56 to 3.65 mmol l−1 (34.4%) at filed in-
let but still it was higher compared to threshold limit of
2.5 mmolc l−1, which is mostly considered the maximum
upper limit for safe irrigation (Wilcox et al. 1954; US Salin-
ity Lab. Staff 1954; Ayers and Westcot 1985; Muhammed
and Ghafoor 1992; Gupta and Gupta 1997). This level of
RSC is expected to create infiltration problems in fine tex-
tured soils (Frenkel et al. 1978; Gupta and Gupta 1997),
and nutrient disorders in crops (Ayers and Westcot 1985;
Miyamoto 1998; Grattan and Grieve 1999). The authors
of this paper are of the view that, in this study, safe level
of RSC could only be achieved with installation of two
SAG units. But following the advice of SAG manufactur-
ing company officials, only one SAG unit was installed.
The officials were of the view that the supplied SAG unit
(imported from USA to accomplish this study) could easily
bring down the RSC of irrigation water (5.56 mmolc l−1),
at the experimental site, within safe limits. The officials of
SAG manufacturing company, in this country, are still rec-
ommending the installation of one SAG unit for the treat-
ment of even higher RSC water than that used in present
study. However, during the course of study, these recom-
mendations seem to be erroneous.
Our results are in line with electronically published data
of Gale et al. (2001), who in a level basin irrigation study
monitored the efficiency of SAG. In the study, pH was the
only property of water that was significantly affected. In this
unpublished work (available at Utah State University, USA
website), there was 7.5% decrease in pH, 0.96% increase
in Na+, 4.6% increase in Ca2+ + Mg2+, 8.0% decrease in
HCO3−1, and 4.2% decrease in SAR. The low efficiency of
SAG was attributed to its ability of intake for dissolution
of SO2, which was only about 10–15% (if operated at full
capacity) of the water flowing through water channel, and
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mixing that treated portion into rest of 85–90% untreated
portions. Moreover, low efficiency of SAG may also be
attributed to low solubility of SO2 in irrigation water (Cot-
ton and Wilkinson 1967; Miyamoto et al. 1975b). Large
quantities of sulfur dioxide fumes were seen coming out
of the sulfur-burning chamber of SAG during its opera-
tions that clearly advocate less SO2 solubility. Our results
are also supported by the research findings of Miyamoto
et al. (1975a,b,c), and Miyamoto and Stroehlein (1986),
who concluded that sulfuric acid treatment of irrigation
water increases its electrolyte contents (EC), reduces par-
tially/completely its carbonate and bicarbonate contents,
and decreases its SAR.
Contrary to the claims of SAG manufacturing com-
pany (Sweet Water International, USA) that brackish water
treated with SAG may be used to reclaim saline-sodic/sodic
soils successfully, the authors are of the view that SO2 may
be too insoluble to accomplish soil reclamation if added
to irrigation water. Therefore, low rates of water-applied
amendments should be expected only to affect water qual-
ity, and the surface soil to a little extent (Miyamoto 1998).
Thus high-Na soils should generally be treated directly
with amendments. Although up-till-now there is no such a
relevant published study, but our viewpoint is supported (al-
though theoretically) by Stroehlein and Pennington (1986)
in their literature review about the use of sulfur compounds
for soil and water treatment.
Changes in soil properties
i. pH of saturated soil paste (pHs). Soil pH has a con-
siderable impact on controlling the plant nutrients, par-
ticularly the availability of micronutrients such as Zn,
Cu, Fe, and Mn (Page et al. 1990; Naidu and Ren-
gasamy 1993). The use of saline-sodic water for irriga-
tion without amendment application, in general, tends to
increase the soil pH that impacts soil nutrient availabil-
ity, rendering plants with malnutrition (Curtin and Naidu
1998; Grattan and Grieve 1999). In this study, the data
(Table 3) after the harvest of rice crop depicted that
there were nonsignificant differences among the treat-
ments for 0–15 cm soil depth. The gypsum and farm
manure treatments tended to maintain the soil pHs (pH
measured in saturated extract of soil) but rest of the treat-
ments increased pHs. The positive role of FM to maintain
soil pHs could be attributed to the formation of carbonic
acid upon the release of CO2 during its decomposition.
Cates et al. (1982) during reclamation of a calcareous
saline-sodic soil, have also reported a decrease in soil
pH after addition of gypsum. Failure to obtain a marked
decrease in soil pHs either by SAG treatment (T1) or sul-
furic acid (T6), may be attributed to buffering effect of
the salts present in irrigation water against hydrogen ions
(H±) addition (Christensen and Lyerly 1954; Miyamoto
and Stroehlein 1986). Therefore, large quantities of
acids/acid formers were required to cause any appre-
ciable decrease in soil pH (Doneen 1975; Miyamoto
and Stroehlein 1986; Miyamoto 1998). Presence of cal-
cium carbonate in this calcareous soil also acted as a
buffer and resisted any appreciable change in soil pH in
the alkaline range (Deverel and Fujii 1990; Leoppert and
Suarez 1997; Halvin et al. 2002; Anwar et al. 2004). It is
uneconomical and quite impractical to drastically lower
pH of calcareous soils (Havlin et al. 2002). In most of the
calcareous soils, large quantities of acids or acidulants
are required (Miyamoto 1998) to dissolve CaCO3 from
the entire root zone. (Note that it will require 10 t of
H2SO4 per hectare, to remove CaCO3 from 1 cm of soil
layer containing 7.5% CaCO3 by weight). Ryan et al.
(1977) demonstrated that dilute H2SO4 even applied in
excess of the buffering capacity of the irrigation water
was immediately neutralized by the soil. However, it is
likely that a change in soil pH would occur with contin-
uous application of acidified water in the long term. At
15–30 cm depth, all the treatments increased soil pHs,
except soil-applied gypsum which perhaps maintained
a high EC to SAR ratio at both the depths. In general,
high EC to SAR ratio tends to lower pHs and vice versa
(Ayers and Westcot 1985; Abrol et al. 1988; Ghafoor
et al. 2001b). Moreover, Miyamoto (1998) concluded
that much-publicized effects of lowering pH of irriga-
Table 3 Changes in soil pHs, ECe, and SAR with SAG-treated irrigation water and other amendments before and after rice crop (average
of three replications)
Treatment Depth (0–15 cm) Depth (15–30 cm)
pHs ECe SAR pHs ECe SAR
Before After Before After Before After Before After Before After Before After
T0 8.47 8.60 3.29 2.76 16.64 18.82 8.43 8.64 3.77 1.67 20.64 13.90
T1 8.37 8.61 3.93 2.27 21.07 17.88 8.40 8.69 3.62 2.12 21.85 14.50
T2 8.50 8.69 3.21 1.93 15.21 15.68 8.37 8.72 3.63 1.74 18.61 12.61
T3 8.48 8.68 3.41 2.16 14.59 17.25 8.40 8.64 4.00 1.63 17.86 13.09
T4 8.55 8.57 2.19 2.32 16.11 16.43 8.48 8.68 4.59 1.80 18.58 12.39
T5 8.56 8.58 2.47 2.60 13.49 18.04 8.64 8.63 2.93 1.73 17.04 11.61
T6 8.48 8.62 3.28 2.52 17.09 19.22 8.39 8.51 4.12 2.02 21.06 14.21
LSD0.05a nsb ns ns 0.83c 6.56c ns ns 0.14c ns ns ns ns
aLSD0.05, least significant difference at 5% probability level
bns, not significant at 5% probability level by LSD
cSignificant at 5% probability level by LSD
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tion water, and resulting increase in crop performance
(probably associated with better availability of some
nutrients) are, however, questionable at best in most cal-
careous soils, unless the pH of water is well above the
equilibrium pH of CaCO3 systems.
ii. Electrical conductivity. Soil salinity (indirectly
measured through EC) exerts osmotic effects on plants
(Maas and Hoffman 1977; Grattan and Grieve 1999)
and often causes physiological drought if the salinity
levels are greater than the critical limits of the crop.
EC of soil samples (ECe) was measured in saturated
paste extracts. At the start of experiment, ECe at 0–15
and 15–30 cm soil depths was 3.1 and 3.8 dS m−1,
respectively. The ECe (Table 3) decreased with all the
treatments except T4 and T5 at 0–15 cm depth. Control
plots showed maximum ECe, which may be attributed
to no treatment of soil and water. At 0–15 cm depth,
there were nonsignificant differences noted for ECe
among SAG (T1), sulfuric acid (T6), and gypsum (T5)
treated plots. With gypsum, a slight increase in ECe
has also been reported by Hussain et al. (1981) in
a field trial. The increase in ECe with FM might be
due to accumulation of salts after mineralization of
organic matter (Hao and Chang 2003).
The researchers (Hao and Chang 2003) noted a sig-
nificant increase in soil ECe due to increased levels of
soluble Na+, K+, Mg2+, Cl−, and HCO3− after 5, 10,
15, 20 and 25 years of continuous manure application
at 0, 60, 120 and 180 t ha−1 under both irrigated and
nonirrigated conditions. The researchers further esti-
mated an annual increase in ECe (0–1.5 m soil depth)
by 0.1108 dS m−1 for every ton of salt applied through
the cattle manure under nonirrigated conditions. At 15–
30 cm depth, nonsignificant differences were observed
among all the treatment plots regarding this important
soil parameter. At lower depth decrease in ECe of con-
trol plots might be due to accumulation of salts in the
top layer. This might be due to a decrease in perme-
ability of the surface layer (0–15 cm) as no source
of calcium (to favor sustainability in infiltration rate)
was applied. The observed values of ECe at both the
depths were still below the critical level of 4 dS m−1
(US Salinity Lab. Staff 1954; Ayers and Westcot 1985;
Gupta and Gupta 1997) by all the treatments under
investigation in this well drained, moderately coarse
textured and moderately calcareous soil. This could
be attributed to high leaching fraction (LF) achieved,
(Chang et al. 1982) as the rice crop was grown with 29
irrigations.
iii. Sodium adsorption ratio. Water and soil sodicity are
expressed in terms of SAR, with high SAR values hav-
ing the potential for deterioration in soil structure, low
infiltration rate, specific-ion effect, and deficiencies of
several essential nutrients. At the start of experiment,
some plots were slightly Na-affected (Table 4), which
on the average tended to keep the soil SAR greater than
15, a critical limit for sodic soils (US Salinity Lab. Staff
1954; Ayers and Westcot 1985). For soil SAR, there
was nonsignificant difference for all the treatments at
Table 4 Sodium (Na+) concentration (me l−1) in soil at start of the
experiment
Treatment Mean








both the depths (Table 3). Actually a steady-state con-
dition was developed after a huge number of irriga-
tions (29) to grow rice crop. Especially the case was
true for 0–15 cm soil depth where the soil SAR was
maintained well around irrigation water SAR, i.e. 17.1.
After the harvest of the rice crop similar effectiveness
(nonsignificant treatment differences) of acid and gyp-
sum treatments for soil SAR have also been reported
by Cate et al. (1982), which were attributed to very low
initial soil ESP.
At 0–15 cm depth, the expected steady-state increase in
soil SAR with gypsum, and relatively better role of acid
treatments, might be due to low rates of gypsum disso-
lution. The results are in line with those of Alawi et al.
(1980), who pointed out that when soil-applied gypsum
is used at very low rates, the effects are minor and short-
lasting, and thus sulfuric acid is superior to the gypsum
treatment. For 15–30 cm soil layer, our results are simi-
lar with those of Chaudhry et al. (1989), who reported that
SAR in all plots significantly decreased with nonsignificant
differences among control, gypsum at 50% soil gypsum re-
quirement (SGR), and sulfuric acid at 50% SGR treatments,
after growing four rice and four wheat crops.
In the current study, observed values of soil SAR at both
the depths have been maintained around the critical level
of 13 (especially for 15–30 cm soil layer) by all the treat-
ments under investigation in this well drained, moderately
coarse textured, and moderately calcareous soil. However,
for fine textured soils, with low infiltration rates, and/or
noncalcareous soils, to expect similar behavior might be
premature, for which additional long-term studies are im-
perative. Moreover, potential danger of soil sodication as
a result of the application of high sulfate irrigation wa-
ter has been reported. This might be due to the fact that
SO4−2 ions in excess of Ca±2, may result in Ca-desorption
from the colloidal complex to maintain the steady equilib-
rium between adsorbed and solution calcium (Eaton 1954;
Dutt and Doneen 1963; Miyamoto 1977; Cerda et al. 1979;
Chabbra 1996; Javid and Ali 1999).
Paddy yield
The results for paddy yield (Table 5) reveal that effects of
all the treatments on ECe, SAR, and pHs were comparable
in favor of soil and crop health, and their productivity. As all
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Table 5 Effect of SAG and
other treatments of irrigation
water on straw and paddy yields
(average of three replications)
Treatments No. of tillers (m2) 1,000–grain weight (g) Straw yield (kg ha−1) Paddy yield (kg ha−1)
T0 163 20.87 2,845 1,357
T1 166 21.12 4,647 2,354
T2 162 20.46 3,913 2,048
T3 173 21.04 4,723 2,434
T4 195 21.45 5,136 2,660
T5 174 21.52 4,115 2,237
T6 185 21.65 4,708 2,339
LSD0.05a nsb 0.802c 1,566c 532.1c
aLSD0.05 , least significant
difference at 5% probability
level
bns, not significant at 5%
probability level by LSD
cSignificant at 5% probability
level by LSD
the three soil quality parameters were maintained around
their respective threshold values for rice crop (Mass and
Hoffman 1977), therefore, nonsignificant and/or minor dif-
ferences have been recorded for paddy yield among acid
and gypsum-treated plots. The yield pattern for rice crop
seems to be in line with those of Overstreet et al. (1951),
who applied gypsum, sulfuric acid, and sulfur in the equiv-
alent amounts to reclaim a salt-affected soil of the Fresno
series. Significantly higher pasture yields were reported
for sulfuric acid treated plots than that for gypsum treated
ones, during initial years. However, 20 months after the ap-
plication of treatments, there was nonsignificant difference
between yields of H2SO4, and gypsum-treated plots. Simi-
lar results were obtained by Chaudhry et al. (1989) for first
rice crop grown during kharif season in 1982. An increase
in yield over control plots, with the addition of sulfuric
acid have also also been reported by Cate et al. (1982) in a
field study during reclamation of a calcareous saline-sodic
soil. Yasin et al. (1998) have also reported maximum paddy
yield with acid treatment, closely followed by gypsum, and
minimum paddy and straw yield from the control plots. A
better crop growth with the use of sulfuric acid on normal,
calcareous soils has been demonstrated in several studies,
and is generally attributed to better availability of some
nutrients (Ryan et al. 1975a,b; Ryan and Stroehlein 1979;
Miyamoto 1998). In a field study by Chapman (1980), an
increase in paddy yield (16%) with sulfuric acid treatment
over gypsum has been reported, which was attributed to in-
creased availability of some nutrients due to instantaneous
reaction of sulfuric acid with the soil (Havlin et al. 2002).
Economic analysis
Economic considerations are essential regarding the use of
amendments for the improvement of soil and water quality
(Fuller and Ray 1963; Alawi et al. 1980; Ayers and West-
cot 1985; Chabbra 1996). Several researchers in Pakistan
(Ghafoor and Muhammed 1981; Ghafoor et al. 1986, 1997,
1998, 2001a; Bhatti 1986; Chaudhry et al. 1989), India (Ya-
dav 1973; Chabbra 1996), and other countries of the world
(Christensen and Lyerly 1954; Doneen 1975; Havlin et al.
2002) have reported sulfuric acid application to soil or water
uneconomical and several times expensive than that of gyp-
sum. However, economic analysis about the use of H2SO4
have never been reported in several studies (Throne 1944;
Table 6 Economics of SAG and other treatments of saline-sodic water for rice crop (US $a ha−1)




T0 261 – – – – – 261
T1 444 57.17 94.32 174.68 – 326 118
T2 388 28.58 47.15 87.33 – 163 225
T3 459 19.05 31.43 58.23 – 109 350
T4 500 – – – 31.25 31 469
T5 422 – – – 58.03 58 364
T6 441 – – – 304.77 305 136
Details of economic computations: (A) Rates of variable items (US $): (1) paddy = 7.3/40 kg, (2) gypsum = 0.5/50 kg (70% pure—
30 mesh), (3) petrol = 0.6/l, (4) H2SO4 of commercial grade = 0.28/l, (5) sulfur = 0.2/kg, (6) farm manure = 1.7/1,000 kg, (7) cost of
FM spreading = 1.7 per 4 ton loader, (8) cost of gypsum broadcast = 1.7 per 20 bags a day; (B) Amounts of variable amendments; (i)
To lower RSC of saline-sodic water, H2SO4 used during 8-month study = 1,098 l, (ii) To lower RSC of saline-sodic water, gypsum used
during 8-month study = 4,970 kg; (C) Variable costs calculations for SAG; (1) Rate of sulfur burning = 13.19 kg/ha/irrigation, (2) Rate
of petrol burning in SAG = 6.6 l/ha/irrigation, (3) SAG depreciation cost per hour = price of new generator/hour (0.26) + interest (14%)
cost per hour (0.23) + repair cost/hour (0.22) + tech. labor cost per hour (0.31) and US $ 1.02; (3a) Purchase price of a new generator (C)
= US $ 5,833, Salvage value (S) = US $ 583, SAG working hours = 20,000 h, Price of a new generator per hour = (5,833 – 583)/20,000
= US $ 0.26; (3b) Interest cost = (C + S)/2 = US $ 3208.33 (Average annual investment), Actual annual interest cost = 3208.33 ×
0.14 = US $ 449.17, Interest cost per hour = 449.17/2,000 (working hours) = US $ 0.23; (3c) Annual repair/spare parts cost = US $
433.33, Repair cost per hour = 433.33/2,000 = US $ 0.22; (3d) Technical labor cost per hour = US $ 2.50/day of 8 h = US $ 0.31; (4)
SAG dep. cost/ha/irrigation = 1.02 × 6.61 (hours to irrigate 1 ha) = US $ 6.74
aUS $ 1.00 = Pak Rs 60.00
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Overstreet et al. 1951, 1955; Mathers 1970; Miyamoto et al.
1975a,b,c; Ryan et al. 1975a,b; Miyamoto 1977, 1998;
Chand et al. 1977; Prather et al. 1978; Wallace and Muller
1978; Ryan and Stroehlein 1979; Ashraf 1979; Chapman
1980; Nadeem 1981; Mian and Baig 1982; Miyamoto and
Stroehlein 1986; Akram et al. 1989; Mace et al. 1999; Pe-
terson 2000; Gale et al. 2001; Amezketa 2005).
For the present study, economics was computed (Table
6) by using the partial budgeting method. We differentiated
the economic analysis into two components consisting of
(1) total variable cost per unit area (US $ ha−1), i.e. the
cost(s) that varied from treatment to treatment, excluding
the costs which were uniform for all the treatments, and
(2) gross income per unit area (US $ ha−1) received from
each treatment. The gross income was tabulated from the
support price of paddy. The net benefit (Bnet) was tabulated
as the difference between the gross benefit (Bg) and variable
cost(s) (Vc) for each treatment as given in Eq. (1).
Bnet = Bg − Vc (1)
Assuming SAG life of 10 years with 20,000 working hours,
capital and maintenance costs of SAG were computed for 8-
month study period and thus variable costs were computed
accordingly for each of the three SAG treatments.
Maximum total variable cost was incurred on T1, fol-
lowed by T6, T2, T3, T5, and T4 while there was no cost on
control treatment (T0). Total gross benefit was the highest
with T4, followed by T5, T3, T0, T2, T6, and T1. For sustain-
able paddy yield, analysis results favor the use of organic
matter and gypsum to counter the sodicity hazards of irri-
gation water. The use of SAG and sulfuric acid was around
six times expensive than that of gypsum. Similar results
have been reported by Chaudhry et al. (1989), where on
economic grounds, gypsum application at 100% gypsum
requirement was found most economical, although max-
imum paddy and wheat grain yields, were obtained with
H2SO4 applied at 50% soil gypsum requirement. Similarly,
Christensen and Lyerly (1954) in a 6-year study found the
use of sulfuric acid uneconomical for the treatment of wa-
ter as well as soil. Doneen (1975) discussed usefulness of
various amendments to improve the quality of irrigation
water (especially with salt contents less than 10 me l−1)
and concluded gypsum as the most economical ameliorant.
Conclusions
SAG treatment of saline-sodic water reduces RSC by 34%,
which is still higher than the safe limit of 2.5 mmolc l−1.
The poor performance of SAG may be attributed to its low
intake of flowing water, i.e. only 10–15% portion for treat-
ment, as well as to the low solubility of SO2 in water. There
is a need for some engineering modifications in the design
of SAG. At statistically similar yield levels, the use of SAG
as well as sulfuric acid was about six times expensive than
that of gypsum. The results of this study help to opine
that to grow rice crop in well-drained soils, waters with
SAR and RSC higher than critical levels can be success-
fully used, and the rate of amendments applied could be
decreased to make the soil-water-crop production system
cost-effective. Economic analysis clearly favors the use of
gypsum to counter the sodicity hazards of irrigation water
for sustainable yields of rice crop on moderately coarse
textured, moderately calcareous soils, in dry regions. How-
ever, for fine textured soils with low infiltration rates and/or
noncalcareous soils, to expect similar response might be
premature, for which long-term studies are imperative.
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